The cortical endoplasmic reticulum (ER) is an intricate network of tubules and cisternae tightly associated with the plasma membrane (PM) in plants, yeast, and the excitable cell types in metazoans [1] [2] [3] [4] [5] . How the ER is attached to the cell cortex and what necessitates its highly reticulated architecture remain largely unknown. Here, we identify the integral ER vesicle-associated membrane protein-associated proteins (VAPs), previously shown to control the composition of phosphoinositides at the ER-PM contact sites [6, 7] , as major players in sustaining the ER-PM tethering in fission yeast. We show that genetic conversion of the reticulated ER structure to the cisternal morphology shields large areas of the PM, preventing the actomyosin division ring assembly at the equatorial cortex. Using a combination of VAP mutants where the cortical ER is detached from the PM and a set of artificial ER-PM tethers suppressing this phenotype, we demonstrate that the PM footprint of the cortical ER is functionally insulated from the cytosol. In cells with prominent ER-PM contacts, fine reticulation of the ER network may have emerged as a critical adaptation enabling a uniform access of peripheral protein complexes to the inner surface of the plasma membrane.
In exponentially growing Schizosaccharomyces pombe cells, the endoplasmic reticulum (ER) marked by the artificial luminal ER marker GFP-AHDL [8] underwent extensive remodeling at the growing cell ends but appeared consistently associated with the nongrowing lateral cell periphery ( Figure 1A ; see also Figure S1A and Movies S1 and S2 available online). The S. pombe genome encodes two proteins, Scs2 (SPBC16G5.05c) and Scs22 (SPAC17C9.12), that are homologous to the budding yeast vesicle-associated membrane protein-associated proteins (VAPs) implicated in ER inheritance [9] in addition to their function in phospholipid metabolism [6, 7] . Strikingly, the cortical ER in S. pombe cells lacking both VAP proteins was largely dissociated from the cell periphery and accumulated in the cytoplasm, in particular in the vicinity of cell tips ( Figure 1B ; Movie S3). Of the two proteins, Scs2 appeared to play a more prominent role in maintaining the ER-plasma membrane (PM) attachment (Figure S1B) . The GFP-tagged Scs2 localized to the ER and was enriched at the cell sides, the area of stable ER association with the cellular cortex (Figures 1C and S1C ; for details on GFP-tagging strategy, see Experimental Procedures). Consistent with the model that the sites of growth are refractory to forming stable ER-PM contacts, Scs2-GFP was also enriched at nongrowing cell tips but depleted from growing cell tips in monopolar tea1D cells [10] (Figure S1D) .
Accumulation of the detached ER membranes near the tips of scs2Dscs22D cells suggested that the ER was actively delivered toward the growth sites. Myosin V motors were previously implicated in transporting the ER elements along the actin cables in budding yeast and Purkinje neurons [11, 12] . Similarly, recruitment of the ER to the cell tips in scs2Dscs22D cells or the wild-type S. pombe required myosin type V-based transport (Figures S1E and S1F).
Taking these findings together, we concluded that in fission yeast, the association of the ER with the lateral cortex mostly depends on Scs2 and Scs22. Scs2 appears to play a more decisive role tethering the ER to the cortex either directly (e.g., it has been shown to bind phosphoinositides in vitro [13] ) or indirectly, through its PM partners.
To explore biological implications of the cortical ER attachment, we turned to the division-site positioning model. S. pombe cells assemble the actomyosin rings at the cell equator and divide perpendicular to the long cell axis. At mitotic entry, the anillin-like protein Mid1 is exported from the centrally positioned nucleus and relocalizes to a narrow band of numerous ''nodes'' at the medial cortex. A C-terminally located amphiphatic helix plays a critical role in the cortical targeting of Mid1 during mitosis, although additional cis-determinants appear to facilitate the process [14] . The Mid1 nodes recruit the downstream actomyosin machinery that eventually compacts into a single ring structure [15] [16] [17] . We have previously shown that the tryD cells, in which the ER structure is converted to a cisternal morphology due to the loss of the tubulating ''TRY'' proteins Tts1, Rtn1, and Yop1, exhibit mispositioning of the division site due to abnormal spreading of Mid1 along the cell cortex through a poorly understood mechanism [8] .
Strikingly, the severe division-site positioning defects in the tryD genetic background were largely alleviated by the loss of ER-PM tethering (Figures 2A and S2A ; 57% scs2Dscs22DtryD cells exhibited straight medial septa as compared to 8.6% in the tryD mutants, n = 500 cells). Removal of Scs2 and Scs22 alone did not cause prominent cytokinesis defects, although we observed a minor fraction of cells with slightly off-center septa (Figures 2A and S2A ; n = 500 cells). Mid1-GFP was exported in a timely manner from the nucleus and was recruited to a narrow equatorial cortical region in both scs2Dscs22D cells and scs2Dscs22DtryD cells ( Figures 2B, 2C , and S2B).
In fact, in both scs2Dscs22D and scs2Dscs22DtryD cells, the Mid1-GFP nodes compacted into a single ring significantly faster than in the wild-type, suggesting that the cortical ER elements normally dampen the efficiency of this process ( Figure 2C ; the compaction took 16 6 3.1 min in the wildtype, n = 30 cells; 9.7 6 2.5 min in scs2Dscs22D cells, n = 19 cells; 10 6 3.4 min in scs2Dscs22DtryD cells, n = 15 cells). In approximately one quarter of the cases, the Mid1-GFP nodes very rapidly compacted into unusually large clusters at the medial cortex before forming ring structures of irregular fluorescence intensity ( Figure S2B ; 7 out of 27 cells). Taken together, our data suggested that the ER-PM attachment per se is not required for the division-site placement. Rather, the cortical ER could physically shield the PM, restricting recruitment of Mid1 to ER-free surfaces. Such PM obstruction might become critical in tryD cells where the large ER sheets could insulate extensive areas of the cellular cortex [8] .
To test this hypothesis directly, we designed artificial ER-PM tethers, consisting of an N-terminal transmembrane ER anchor, the fluorescent mCherry protein, and a C-terminal phosphoinositide-binding motif ( Figure 3A ; see Experimental Procedures for details). Two alternative lipid-binding motifs were tested including the cortical sorting signal (CSS) of S. cerevisiae Ist2 [18] and the pleckstrin homology (PH) domain from the S. pombe homolog of the oxysterol-binding protein Osh3 [19] . The ER anchor fused to mCherry served as a control. Expression of these constructs in wild-type cells did not cause obvious growth or polarity defects ( Figure 3A) . Importantly, all constructs localized to the ER membrane, and both TM-mCherry-CSS Ist2 and TM-mCherry-PH Osh3 but not the control TM-mCherry, successfully restored the ER-PM contacts in cells lacking Scs2 and Scs22 ( Figures 3B  and S3) .
Similarly to S. cerevisiae [7] , lack of the VAP proteins led to increased phosphatidylinositol-4-phosphate (PI4P) levels at the plasma membrane in both otherwise wild-type and tryD backgrounds ( Figure 3C, upper panel) , whereas the levels of its bisphosphorylated derivative phosphatidylinositol-4,5-biphosphate [PI(4,5)P2] appeared unchanged ( Figure 3C , lower panel). The tether-mediated cortical recruitment of the ER did not rescue the increased PM levels of PI4P in scs2Dscs22D or scs2Dscs22DtryD cells (Figure 3D ), suggesting that the forced ER-PM interaction could not substitute for the specific function of VAPs in phosphoinositide metabolism.
Remarkably, when we restored the ER-PM association in scs2Dscs22DtryD cells by expressing the artificial tethers, Mid1-GFP spread throughout the cellular cortex and failed to compact into the ring, essentially phenocopying the divisionsite mispositioning phenotype of tryD cells (Figures 4A and  S4A ). In the scs2Dscs22DtryD genetic background, abnormal Mid1-GFP dispersal was observed in 6 out of 8 cells expressing TM-mCherry-CSS Ist2 , 8 out of 11 cells expressing TM-mCherry-PH Osh3 , and only 1 out of 11 cells expressing TM-mCherry. The expression of the ER-PM tethers in the wild-type or scs2Dscs22D cells did not cause Mid1 mislocalization ( Figures S4B and S4C) . Importantly, the timing of Mid1 compaction into a ring in scs2Dscs22D cells expressing TM-mCherry-CSS Ist2 or TM-mCherry-PH Osh3 increased to wild-type values (rings fully compacted in 16.1 6 5.7 and 15 6 4.4 min, respectively). We concluded that the lateral dispersion of Mid1 in tryD cells indeed occurs due to a physical blockage of the plasma membrane by the cortically attached ER sheets.
The tight (w33 nm on average) ER-PM coupling [20] poses a steric problem in organizing the intracellular cortex. The ER-PM contacts are devoid of ribosomes and appear unfavorable for vesicle targeting, fusion, or membrane invagination [20, 21] . In cells with pronounced cortical ER, many processes are likely restricted to the ER-free PM surfaces. The membrane contacts created by the polygonal ER mesh sustained by several tubulating proteins generate a closely spaced patchwork of plasma membrane sites accessible to the cytosol ( Figure 4B) . Transition of the ER to the cisternal morphology in yeast cells lacking the reticulons increases the overall area of contact between the ER and the PM [20] and results in the appearance of large irregularly spaced cortical breaks [8, 20, 22] . Our present work shows that such aberrant spatial organization of the cortex impairs the PM distribution of the cytokinesis regulator Mid1, resulting in failure to properly position the cellular division plane. In addition, occasional emergence of massive Mid1 clusters in cells deficient in ER-PM attachment suggests that the cortical ER network may promote the regular distribution of the Mid1 nodes at the equatorial cortex characteristic of wild-type cells.
The ER-PM contacts likely constrain localization of many other peripheral protein complexes throughout the cellular cortex. For instance, the cell-cycle regulator Cdr2 localized as an equatorial band of regularly spaced nodes in interphase wild-type cells ( Figure S4D ; [23, 24] ) but exhibited a pronounced clustering in cells lacking the ER-tubulating proteins. The irregular pattern of Cdr2 distribution was rescued by the further removal of VAPs (Figure S4D) , suggesting that the architecture of the cortical ER network has a direct bearing on the spatial distribution of peripheral Cdr2 complexes within an equatorial domain.
The extensive reticulation of the peripheral ER is thought to increase the surface-to-volume ratio of this organelle to allow efficient execution of surface-dependent functions. We propose that the network organization is also required to provide sufficient access points for the cortex-associated processes and promote unobstructed communication between the cytoplasm and the plasma membrane.
Experimental Procedures
S. pombe Strains, Reagents, and Constructs S. pombe strains used in this study and their genotypes are listed in Table  S1 . Growth media and genetic methods were as described in [25] . The in vivo markers for PI4P and PI(4,5)P2 were constructed as described in [26] . Briefly, the constructs expressing the GFP-fused PH domains from S. cerevisiae Osh2 and Num1 under the control of a constitutive rtn1 promoter were integrated into the leu1 genomic locus. To construct the artificial ER-PM tethers, the transmembrane anchor consisting of the N-terminal 88 amino acids of the integral ER protein Tts1 was fused to mCherry followed by the phosphoinositide binding motifs. The PH domain was derived from the S. pombe Osh3 protein (SPAC23H4.01c, amino acids 150-245) and the CSS originated from the budding yeast Ist2 (amino acids 878-946) [18] . These constructs were integrated into the leu1 genomic locus under the control of the thiamine-repressible promoter nmt1. Expression of these constructs was induced in minimal media lacking thiamine for 20 hr. Scs2-GFP was generated by inserting the GFP between aa 360 and 361 of Scs2 at its endogenous locus under the control of the native promoter. GFP-Scs2 was created by inserting GFP at the N terminus of Scs2 at its native genomic locus. The cell wall dye calcofluor white was obtained from Sigma-Aldrich. Detailed information on microscopy and image analysis can be found in Supplemental Experimental Procedures. 
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